We present blast wave fits to elliptic flow (v2(pT)) data in minimum bias collisions from the √ sNN = 7.7-200 GeV at RHIC, and 2.76 TeV at LHC. The fits are performed separately for particles and corresponding anti-particles. The mean transverse velocity parameter β shows an energy dependent difference between particles and corresponding anti-particles, which increases as the beam energy decreases. Possible effects of feed down, baryon stopping, anti-particle absorption, and early production times for anti-particles are discussed.
I. INTRODUCTION
To understand the formation of the Quark-Gluon Plasma (QGP) phase and to study the structure of the QCD phase diagram, a Beam Energy Scan (BES) program was started in the years 2010 and 2011 at the Relativistic Heavy Ion Collider (RHIC) facility [1] where Au+Au collisions were recorded at √ s NN = 7.7, 11.5, 19.6, 27, 39, and 62.4 GeV. Azimuthal anisotropy [2] is one of the most important observables for relativistic nuclear collisions to study the bulk behavior of the created matter. In non-central Au+Au collision, the overlap region has an almond shape with the major axis perpendicular to the reaction plane, which is defined by the impact parameter and the beam direction. Due to fluctuations, the participant plane [3] in each event is not necessarily the same as the reaction plane. As the system evolves, the pressure gradient converts the anisotropy from coordinate space to momentum space. The produced particle distribution [4, 5] can be written as:
where φ is the azimuthal angle of a particle, Ψ n is the n-th harmonic event plane angle reconstructed by the observed particles, which is an estimation of the participant plane, and R n is the n-th harmonic event plane resolution. The second harmonic coefficient v 2 reported here is called elliptic flow. Several interesting observations related to v 2 have been reported in the past decade by using data from the top RHIC energy of √ s NN = 200 GeV [2, [6] [7] [8] [9] . At low transverse momenta (p T < 2.0 GeV/c), a mass ordering of the v 2 values was observed [10] [11] [12] , which could be understood within a hydrodynamic framework. At intermediate p T range, (2 < p T < 6 GeV/c), a Number-ofConstituent Quark (NCQ) scaling [13] of v 2 for identified hadrons was observed. This observation, coupled with comparable values of the elliptic flow measured for multi-strange hadrons (φ and Ξ) and light quark hadrons, was used to conclude that the relevant degrees of freedom are quarks and gluons for the matter formed in the early stage of heavy ion collisions at top RHIC energy [2, 12, [14] [15] [16] . The mass ordering in the low p T range and the NCQ scaling in the intermediate p T range were also observed in BES experiments [17] . In this paper we use the blast wave model [18] [19] [20] [21] [22] 
GeV to get the energy dependence of the mean radial flow expansion velocity. The blast wave model is an approximation to the full hydro calculations, which were only done for BES inclusive charged hadron data [23] , not for identified particles due to complications of the equation-of-state and the initial conditions. This paper is organized as follows. Section II gives a brief introduction to the blast wave model and the fit functions used in this paper. In Section III we show the fit results and discuss the physics implications. A summary is given in Section IV.
II. BLAST WAVE PARAMETRIZATION
A nuclear fireball model [18] was introduced by Westfall et al. to explain midrapidity proton inclusive spectra. This model assumes that a clean cylindrical cut is made by the projectile and target and leave a hot souce in between. Protons emitted from the fireball should follow a thermal energy distribution. Soon after, Siemens and Rasmussen generalized a relativistic kinematics formula of blast wave parametrization by assuming an exploding fireball producing a blast wave of nucleons and pions [19] . Two decades ago, Schnedermann et al. introduced a simple functional form with only two fit parameters: a kinetic temperature (T ) and a radial velocity (β) which was successfully used in fits to p T spectra [20] . Huovinen et al. [21] introduced a third parameter, the difference of the radial velocity in and out of the reaction plane, in the equation to discribe transversely anisotropic flow generated in non-central collisions.
However, the blast wave fit matched data even better after the STAR Collaboration added a fourth parameter [22] to take into account the anisotropic shape of the source in coordinate space.
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We use the blast wave parameterization with four parameters mentioned above [22] : kinetic freeze-out temperature (T ), transverse expansion rapidity (ρ 0 ), the amplitude of its azimuthal variation (ρ a ) and the variation in the azimuthal density of the source elements (s 2 ). The blast wave equation we use is:
I 0 , I 2 , and K 1 are modified Bessel functions where
. It needs to be noticed that the masses for different particle species only enter via m T in β t (φ s ). When we perform the simultaneous fits, which will be explained below, the masses for different particle species are the only differences between the fits to different particle species. The basic assumptions of this blast wave model is a boost-invariant longitudinal expansion [24] and freeze-out at a constant temperature T on a shell [25] , which expands with transverse rapidity exhibiting a second harmonic azimuthal modulation given by ρ(φ s ) = ρ 0 +ρ a cos 2φ s [22] . In this equation, φ s is the azimuthal angle in coordinate space and β = tanh(ρ 0 ), where β is the transverse expansion velocity.
III. RESULTS
We present simultaneous blast wave fit results for v 2 (p T ) for a group of particles (K + , K GeV. The data at √ s NN = 2.76 TeV [26] covers only 0%-60% in centrality and was merged from finer centrality selections using particle spectra from [27, 28] . At √ s NN = = 200 GeV and 2.76 TeV particles and anti-particles were merged due to their small difference in v 2 (p T ). Data from RHIC is taken from Ref. [17] .
A. Fit Procedure
We fit v 2 (p T ) data from 0%-80% (0%-60% for ALICE data) central Au+Au (Pb+Pb) collisions with Eq. (3). Fits are done only for p T < 1.2 GeV/c to avoid the jet contributions at high p T . Furthermore the fits are separated for a group of particles (K + , K 0 s , p, φ and Λ) and a group of anti-particles (K − , K 0 s ,p, φ andΛ), as we know from the BES experiments that their v 2 valus at the same p T are different [29] . K 0 s and φ mesons are used twice for both particles and anti-particles.
All v 2 (p T ) data in each group are fitted simultaneously. For the fits, statistical and systematic errors of the data were added in quadrature. As we do not have spectra for most of the energies, we cannot constrain the temperature; therefore we input a temperature in a reasonable range [30] . In this paper we choose T = 100 MeV, 120 MeV and 140 MeV as input. The fit lines in the following figures are for T = 120 MeV, the other two temperatures are considered to determine the systematic variation and are shown in the summary Fig. 3 .
B. Feed Down
Pions are excluded from the fits at energies below √ s NN = 2.76 TeV, as a significant fraction of the pions at those energies come from resonance decays [31] , and therefore might behave differently from the expected blast wave parametrization. The ALICE results at √ s NN = 2.76 TeV have reduced feed down contributions from long lived particles due to a small distance of closest approach to the event vertex in particle tracking [27] . Other particles, like protons and kaons, are also affected by feed down from heavier particles and would therefore show deviation from the blast wave parametrization. For a correct feed down correction one needs particle spectra, an estimation of resonance production, and a detailed understanding of the kinematic and topological cuts applied. Since this information is not yet available, we therefore estimated the feed down effects with a Monte Carlo (MC) calculation. The input for the MC were particle and resonance yields estimated from the THERMUS statistical hadronization model [32] .
For that we used a parametrization [33] for the energy dependence of the chemical freeze-out temperature T and baryon chemical potential µ B . We further used Boltzmann distributions to sample the transverse momenta of the parent particles. The flow of resonances was estimated using the blast wave fits. This implies that an iterative process would be needed for a more detailed study. The decay kinematics of various particles and resonances (φ, Λ, Ξ, Ω, ∆(1232) ++ , ω, N * , Σ 0 ) was calculated to get the modified flow and transverse momenta of the daughter particles which contribute to the measured v 2 (p T ). For pions a total feed down contribution from resonances of 60% was used [32] .
An example for feed down corrected v 2 (p T ) is given in Fig. 1 . One can see that the feed down correction is significant for all particles and exceeds the statistical and systematic errors of the data. Therefore one cannot expect to get a perfect description of the data with the blast wave model. Figure 1 is only to show the size of effect, but the fits in this paper were done without feed down correction. In fact the χ 2 /ndf of the fits is only close to 1 at lower energies, where the statistical errors are the order of the expected feed down effect. At higher energies the error bars are much smaller, the resulting χ 2 /ndf rises up to a maximum of 35 (Color online) Integrated multiplicity rapidity density of protons, anti-protons and net-protons as a function of the center-of-mass energy. Data is taken from Ref. [27, 40, 41] shown in the figures as they are similar to the K 0 s mesons. A clear mass ordering in data and fits is observed for all energies, with lighter particles having a larger v 2 at comparable p T than heavier particles. If we assume that this splitting is due to radial flow, then the boost in p T direction is getting larger with increasing beam energy, which is equivalent to a larger radial flow.
In general a fair description for protons and kaons can be obtained. On the other hand we observe that for all energies the predicted curves for π + have similar trends as the data points but are systematically lower. It cannot be excluded that such a behavior for pions is a result from feed down as discussed in section III B.
The fit curves for φ-meson are higher than the data points for all energies except for √ s NN = 62.4 GeV. It is argued that φ-mesons have a small hadronic cross sections [34, 35] compared to other hadrons under consideration. In that case, one expects a lower φ-meson v 2 and therefore also a deviation from the blast wave fits. We want to point out that the weight of the φ-meson data in the simultaneous fits is low due to their relatively large error bars. A fit without φ-mesons included gives almost identical results.
In Fig. 2 b) we show the corresponding results for the group of anti-particles (K In contrary to the group of particles, the splitting of the data points among different anti-particle species is decreasing with increasing beam energy. At lower energies, the splitting for the group of anti-particles is larger than for the group of particles, but the difference between the two groups is decreasing with increasing beam energy. At √ s NN = 62.4 GeV the v 2 data for both groups, and accordingly the fits, are already very similar.
If we assume that the mass ordering in the low p T region is only due to radial flow, then the difference in the splitting of particles and anti-particles indicates that the transverse expansion velocity is different for particles and anti-particles. Figure 3 depicts the transverse expansion velocity β, which is extracted from the blast wave fits, as a function of beam energy with three different input temperatures as discussed in Sec. III A. The transverse expansion velocities for anti-particles are systematically higher than the ones for particles at all energies below √ s NN = 200 GeV, whereby the difference between particles and corresponding anti-particles decreases with increasing beam energy. The latter is equivalent to the observation that the difference of v 2 between particles and anti-particles is decreasing with increasing beam energy [29] , therefore the transverse expansion velocity extracted from the blast wave fits is similar for both groups.
We also observe that the transverse expansion velocity is continuously increasing for particles and decreasing for anti-particles with increasing beam energy, which is consistent with the splitting of data points in the p T direction among different particle species. The trend for anti-particles is changing at √ s NN = 200 GeV at which pont the elliptic flow for both groups are almost identical.
D. Discussion
The falling trend of β for anti-particles from √ s NN = 7.7 to 200 GeV is opposite to the expectation for a hydrodynamic expanding system, which should show an increasing radial expansion velocity with increasing energy density. It is furthermore intriguing that the flow dependence on transverse momentum for anti-particles at √ s NN = 11.5 (0%-80%) and 2.76 TeV (0%-60%) are almost identical. In between either v 2 at constant p T is rising, or the boost in p T for constant v 2 is decreasing with increasing energy. Both scenarios might be directly correlated since v 2 is an azimuthal modulation of the radial flow.
Qualitative explanations for a lower anti-particle v 2 compared to particles in the energy range of 7.7 < √ s NN < 39 GeV were discussed recently [36] [37] [38] [39] . Various effects, like quark potentials or baryon stopping/baryon chemical potential, might be responsible for the observed difference in v 2 . In the following we reconsider possible scenarios for different radial flow patterns for particles and anti-particles.
Anti-particle production at lower beam energies probably happens at the very early stage of the collision, where the energy density is high, either via thermal production or in a hard collision. Therefore, the produced anti-particles go through the whole expansion stage and get a larger transverse expansion velocity than the particles which could be produced at a later stage. At higher beam energies the production processes for particles and anti-particles becomes similar, which results in a smaller difference in v 2 (p T ). Figure 4 depicts the multiplicity rapidity density at midrapidity for 0%-5% central collisions for protons, anti-protons, and net-protons as a function of the centerof-mass energy √ s NN . The anti-proton yield is monotonically rising with increasing √ s NN , opposite to the netproton yield (dN/dy(p) -dN/dy(p)), which is decreasing. This is an indication for reduced baryon stopping at higher energies. The amount of stopped protons at √ s NN < 60 GeV exceeds the yield of produced protons.
The proton dN/dy| ycm shows a minimum around that energy. It was speculated that the elliptic flow for produced and stopped particles might be different [37] . A similar effect might be true for radial flow, which could explain the poorer description with the blast wave model of the group of particles compared to the group of antiparticles. The deviation between φ-mesons and other particles might also be a result of the baryon stopping effect, which means φ-mesons behave similar to other produced particles (anti-particles). In other words, the produced protons, which should follow the blast wave description, are contaminated at lower energies by stopped protons. In that case one should not trust to a certain level the results of a combined fit which includes particles with u or d quarks.
The few produced anti-protons in the collision center at lower energies might be annihilated due to the large absorption cross section and the large number of surrounding protons. Mainly anti-protons produced near the surface, where the radial flow is larger, may survive. This effect should decrease with increasing √ s NN , where thep/p ratio is getting larger. Therefore the β values for anti-particles are getting closer to the ones of particles. Figure 3 and Fig. 4 show that the anti-particle β (0%-80%) is following the trend of the central proton dN/dy, which indicates a correlation between the two observables. The proton β shows an opposite trend to netproton. Since the net-protons (stopped protons) show a different radial flow pattern from produced protons, the transverse velocity extracted from particles are dominated by net-protons at lower energies, which shows a small transverse velocity. Proton and anti-proton transverse momenta spectra at the different energies and the use of finer collision centrality bins could shed light on the strength of the anti-proton absorption effect. There is almost no difference of the s 2 and ρ a parameters between particles and anti-particles. This is an indication that the driving force behind the difference of the v 2 values between particles and corresponding antiparticles in the low p T region is due to the different β parameters. On the other hand a consistent description of all anti-particles was achieved assuming that the radial expansion velocities for anti-protons and other antiparticles are different. In that case, other blast wave fit parameters than ρ 0 compensate this difference. A simultaneous fit of v 2 (p T ) and particle spectra would reduce those ambiguities. The scenario of different flow fields for particles and anti-particles shows the importance of a careful treatment of the initial and final state in future hybrid hydrodynamic calculations in the BES energy region. The s 2 parameter shows an almost flat trend for both particles and anti-particles, the mean value is about 0.025. The ρ a parameter shows an increasing trend with increasing beam energy, which means the v 2 values should increase with increasing energy, like already observed in Ref. [17] .
IV. SUMMARY
Simultaneous blast wave fits for v 2 (p T ), separated for particles and anti-particles, from 0%-80% (0%-60%) central Au+Au (Pb+Pb) collisions at √ s NN = 7.7-2760
GeV were presented. In general a reasonable description of the mass ordering of v 2 (p T ) in the low p T range was achieved. We observed that blast wave fits for the group of anti-particles are significantly better at √ s NN < 62.4 GeV compared to the group of particles. Feed down effects were discussed, and it was shown that they might have a substantial impact on the observed small deviations form the blast wave expectation. The blast wave expectation for φ meson were shown to be systematically above the data for the group of particles, whereas a consistent description for the anti-particles was attained. That might either show that φ mesons have a smaller radial or elliptic flow due to smaller hadronic cross section in comparison to the group of particles, or that they follow the flow pattern of the group of anti-particles which could be an indication for a distorted flow pattern in the group of particles. An energy dependent difference of the transverse expansion velocity β between particles and corresponding anti-particles was observed at √ s NN < 62.4 GeV. β is decreasing for anti-particles from √ s NN = 7.7-62.4 GeV, whereas the expansion velocity is monotonically increasing with √ s NN for the group of particles.
We discussed various effects, like anti-particle absorption, the early production of anti-particles, or the influence of stopped baryons on the radial flow of protons, which might explain the observed pattern. To distinguish those effects one needs the future particle spectra, finer centralities, and more statistics, especially for φ mesons at energies below √ s NN = 19.6 GeV. This will be achieved with the planned Beam Energy Scan II program at RHIC with a focus on energies below √ s NN = 20 GeV [42] and an expected increase in statistics of a factor 5-10.
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